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Abstract. Recent studies suggest that the Arctic temperature
responsetoblackcarbon(BC)forcingdependstronglyonthe
location of the forcing. We investigate how atmospheric BC
in the mid-latitudes remotely inﬂuence the Arctic climate,
and compare this with the response to atmospheric BC lo-
cated in the Arctic itself. In this study, idealized climate sim-
ulations are carried out with a fully coupled Earth System
Model, which includes a comprehensive treatment of aerosol
microphysics. In order to determine how BC transported to
the Arctic and BC sources not reaching the Arctic impact the
Arctic climate, atmospheric BC concentrations are scaled up
in the mid-latitudes (28–60◦ N) and in the Arctic (60–90◦ N),
respectively. Estimates of the impact on the Arctic energy
budget are represented by analyzing radiation ﬂuxes at the
top of the atmosphere and at the surface, surface turbulent
ﬂuxes, and meridional heat transport in the atmosphere. Our
calculations show that increased BC forcing in the Arctic at-
mosphere reduces the surface air temperature in the Arctic
with a corresponding increase in the sea-ice fraction, despite
the increased planetary absorption of sunlight. The analysis
indicates that this effect is due to a combination of a weak-
ening of the northward heat transport caused by a reduction
in the meridional temperature gradient and a dimming at the
surface. On the other hand we ﬁnd that BC forcing at the
mid-latitudes warms the Arctic surface signiﬁcantly and de-
creases the sea-ice fraction. Our model calculations indicate
that atmospheric BC forcing outside the Arctic may be more
important for the Arctic climate change than the forcing in
the Arctic itself. These results suggest that mitigation strate-
gies for the Arctic climate should also address BC sources
in locations outside the Arctic even if they do not contribute
much to BC in the Arctic.
1 Introduction
Arctic temperatures have increased at a rate about twice as
fast as the global mean rate during the last decades (AMAP,
2011a). Many inter-related factors arising both from inter-
nal climate variability and external climate forcing could
have contributed to this greater-than-global Arctic warming.
Strong local feedbacks (snow/ice-albedo, clouds) enhance
the warming by long-lived greenhouse gases and other forc-
ings. In addition increased poleward heat transport and ab-
sorbing aerosols (black carbon) may have contributed to the
ampliﬁcation (IPCC, 2007). Accompanied by the tempera-
ture increase, the Arctic has experienced a longer melt sea-
son with an earlier spring melt and a decrease in the sea-ice
extent (AMAP, 2011a). Black carbon (BC) aerosols absorb
solar radiation and heat the surrounding air. This direct ef-
fect of BC may be potentially large in the Arctic, as the ab-
sorbing aerosols are located over highly reﬂective snow/ice
surfaces (Pueschel and Kinne, 1995; Hansen and Nazarenko,
2004). In general added atmospheric heat will increase the
downward ﬂuxes of longwave radiation and sensible heat,
and thus warm the underlying surface. However, models and
measurements (Koch et al., 2009a) indicate that BC aerosols
are located mainly the free troposphere and in may further
stabilize the Arctic atmosphere, thereby limiting the down-
ward ﬂux of sensible heat and the potential surface warming.
BC aerosols in the Arctic originate from emissions mainly
at mid-latitudes that are transported northwards (Barrie,
1986; Law and Stohl, 2007). Sources of BC include both an-
thropogenic sources (e.g. energy and industrial production,
domestic combustion and transport) and natural sources (for-
est and grassﬁres induced from lightening). During winter
the northward transport is strongest, and the lifetime of BC
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in the atmosphere is longer, causing a maximum BC concen-
tration in the Arctic in late winter and spring (Sharma et al.,
2006). The elevated BC concentrations also extend into the
melting season, which could make BC particularly important
in the Arctic. BC aerosols affect the atmospheric tempera-
ture gradients and can therefore change the atmospheric heat
transport. In addition, BC aerosols can have an indirect effect
on clouds by inﬂuencing the cloud properties and cloud life-
time via microphysical interactions. BC can also affect the
distribution of clouds by changing the stability of the atmo-
sphere, often referred to as the semi-direct effect (Koch and
Genio, 2010).
Absorbing aerosols affect the climate in numerous ways
and thus there are large uncertainties in estimating the net BC
forcing. While the direct radiative forcing of BC increases
with increasing altitude of the BC perturbation (e.g. Sam-
set and Myhre, 2011), models indicate that the climate efﬁ-
cacy (surface temperature response per unit forcing) is de-
creasing with increasing altitude of the BC (Hansen et al.,
2005; Ban-Weiss et al., 2011). Because of the short lifetime
of BC compared to well-mixed greenhouse gases, BC has a
potential for short-term climate control strategies (Hansen et
al., 2000; Levy et al., 2008; Jacobson, 2010; Shindell et al.,
2012). In order to identify the best options for emission re-
ductions there is a need for improving the understanding of
theroleofBCaerosolsintheArctic(AMAP,2011b)andhow
the response of the Arctic climate depends on the location of
BC forcing. Shindell (2007) demonstrated that the climate
response in the Arctic is highly correlated with mid-latitude
forcing during non-summer seasons, due to the large-scale
dynamics inﬂuencing the Arctic climate. In these months the
Arctic surface temperature response can show opposite signs
to the local forcing. Results from Menon et al. (2002) also in-
dicate that forcing from BC can have a climate impact away
from the forcing area, by local atmospheric heating and dy-
namical transport. Shindell and Faluvegi (2009) perturbed
forcings by enhancing the concentrations of BC aerosols in
different latitude bands and found that for the Arctic latitude
band, the Arctic surface air temperature (SAT) decreased, de-
spite a positive forcing at the top of the atmosphere, i.e. a
regional negative climate efﬁcacy. Shindell and Faluvegi at-
tributed this mainly to a reduction in the poleward heat ﬂux
following increased absorption of incoming solar radiation
by BC and local heating in the free troposphere. For positive
direct forcing by BC aerosols in the mid-latitude band the
Arctic surface temperature response was positive (warming).
With the increasing focus on the effect of BC aerosols on
the Arctic climate, there is a need to test the robustness of
the ﬁndings by Shindell and Faluvegi by reproducing parts
of the experiment with a different climate model; to ana-
lyze the Arctic climate response to BC perturbations in the
Arctic (60–90◦ N) and northern mid-latitude (28–60◦ N) at-
mosphere respectively. Expanding on the previous study, we
want to understand and quantify the contribution from the
different processes that are important for forcing by compo-
nents absorbing short-wave radiation and the response in the
Arctic, including an analysis of the perturbation to the en-
ergy budget of the Arctic atmosphere. Idealized climate sim-
ulations with increased BC concentrations in the two sep-
arate latitude bands have been performed with a fully cou-
pled earth system model, the NorESM, to include dynamic
responses, feedbacks from sea ice cover and sea surface tem-
peratures (SSTs). The atmospheric model includes a com-
prehensive treatment of aerosol microphysics, accounting for
aerosol nucleation, condensation, coagulation and cloud pro-
cessing, and calculates the conversion of BC to a hydrophilic
state where it can be scavenged by precipitation (Kirkev˚ ag
et al., 2008; Seland et al., 2008). The wet deposition is cal-
culated in full integration with the cloud and precipitation
schemes. The two experiments are compared with a control
run to analyze the response in the Arctic temperatures to the
two forcings, including changes in sea-ice, cloud cover and
the meridional energy transport into the Arctic.
2 Data and methods
2.1 NorESM
The climate model used in this study is the Norwegian Earth
System Model, NorESM (Bentsen et al., 2012; Iversen et al.,
2012), to a large extent based on the Community Climate
System Model CCSM4.0 (Gent et al., 2011), developed at
the National Center for Atmospheric Research (NCAR). The
model is run fully coupled with an atmospheric model, an
ocean model, a land model and a sea-ice model. The atmo-
spheric part of NorESM, CAM4-Oslo, includes a scheme for
calculating the life-cycle of aerosols along with their opti-
cal and physical properties and is thoroughly described in
Kirkev˚ ag et al. (2008); Seland et al. (2008) and Kirkev˚ ag
et al. (2012). The ocean model in NorESM, MICOM, is
an updated version from the Bergen Climate Model, BCM
(Furevik et al., 2003; Otter˚ a et al., 2009). The sea-ice model
(CICE4) and the land model (CLM4) in NorESM are the
same as in CCSM4.0, except that the deposition of BC and
mineral dust aerosols onto snow and sea-ice are given by
CAM4-Oslo instead of using pre-calculated deposition ﬁelds
as is done in CCSM4.0.
Aerosols in NorESM
The prognostic aerosols and aerosol precursors in CAM4-
Oslo include sea-salt, mineral dust, dimethyl sulﬁde (DMS),
sulphur dioxide, sulphate, BC and particulate organic matter
(OM) and they interact online with the cloud microphysics,
radiation and meteorology in the model. The present-day
(2000) emissions are taken from Lamarque et al. (2010).
Aerosol optical properties and size distributions (for calcu-
lation of cloud droplet number concentrations, CDNC) are
calculated by use of look-up tables, where the entries in the
tables are calculated by a single air parcel model for a wide
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range of atmospheric conditions. Both the direct effect and
the ﬁrst and second indirect effects are calculated. The direct
effect of aerosols is caused by the scattering and absorption
of radiation, mainly in the shortwave spectrum. The indirect
effects of aerosols are due to their interaction with clouds,
by acting as cloud condensation nuclei or ice nuclei. The
aerosols can change the number and size of cloud droplets
(the ﬁrst indirect effect; Twomey, 1977) and the lifetime of
clouds (the second indirect effect; Albrecht, 1989). In the
model the only process which causes the second indirect ef-
fect is the auto-conversion of cloud droplets to precipitation
in warm clouds (Hoose et al., 2009). Absorbing aerosols em-
bedded in or near a cloud layer may also reduce the cloud
cover by heating the air and promoting cloud evaporation,
leading to a positive semi-direct effect (Hansen et al., 1997).
The semi-direct effect of BC can also be negative (e.g. if
the BC increase the static stability). In the look-up tables,
size distributed aerosol number concentrations and composi-
tion, as well as bulk optical properties, have been calculated
from basic physico-chemical processes. The concentrations
are tagged according to size mode (nucleation, aitken, ac-
cumulation, coarse) and production mechanism (nucleation,
condensation, coagulation, aqueous chemistry).
BC is emitted from biomass burning, fossil fuel com-
bustion and biofuels. The total annual emissions of BC are
7.7Tgyr−1. When emitted from biomass burning, BC and
OM are assumed internally mixed with each other. Primary
BC particles are emitted as nucleation and accumulation
mode BC and internally mixed aitken mode OM and BC.
Externally mixed BC is hydrophobic, and turns gradually
into hydrophilic, internally mixed aerosols by condensation
of gaseous sulphate, or by coagulation with sulphate, sea-salt
or OM. BC is removed from the atmosphere by dry deposi-
tion and wet removal, although the latter process dominates
the total numbers.
2.2 Experimental setup
The model is set up with a Finite Volume dynamical core
with 26 vertical layers and with a 1.9×2.5◦ horizontal grid
resolution. For each simulation the model is run 60yr from a
140yr spin-up with the same initial conditions and the same
present-day emissions. In the two perturbed simulations the
model is run with the same emissions as the control run,
but in the radiation code the BC concentrations are multi-
plied by a factor of 10 in the Arctic (60–90◦ N; “the ARC
experiment”) and mid-latitudes (28–60◦ N; “the MID experi-
ment”), respectively. The BC concentrations have been mul-
tiplied by 10 in order to get a statistically signiﬁcant climate
signal in the 60yr simulations. It is worth noting that the
scaling is larger than in previous studies (e.g. Shindell and
Faluvegi, 2009; Koch et al., 2009b), however, many previous
studies have used models with a simpler q-ﬂux slab ocean,
while in this study we use a fully coupled ocean. A substan-
tial scaling is necessary to obtain a robust result, however,
it should not be too large so that the underlying assumption
that the response is close to linear is not valid. Hansen et
al. (2005) found that the response was close to linear for scal-
ing giving a global aerosol RF of the order of 1Wm−2. The
global RF following the scaling applied here is always be-
low 1.5Wm−2 (cf. Sect. 3.2). A recent study by Chung et
al. (2012) shows that the direct radiative forcing from ab-
sorbing carbonaceous aerosols could be a factor 2 higher
than previously estimated (e.g. Forster et al., 2007). In or-
der to calculate the radiative forcing at the TOA with identi-
cal meteorology for each simulation, the same 3 experiments
(1×BC, 10×BC mid latitudes and 10×BC in the Arctic)
is repeated in separate 5 yrs ofﬂine simulations. In the ofﬂine
simulations the meteorology is driven by prescribed NCAR
CAM4 aerosols, CDNC and greenhouse gases and is not af-
fected by the perturbation in the BC concentrations. In the
online 60yr simulations on the other hand, the aerosol, cloud
and radiation is fully coupled so the aerosols are allowed to
affect the meteorology and thus the meteorology in the on-
line simulations is different from the ofﬂine simulations. The
BC concentrations in the ofﬂine and the online simulations
are comparable in size (differ 13% in the Arctic and 6%
in the mid latitudes), so the two simulations set-ups can be
used side-by-side. Note that only atmospheric BC has been
perturbed in this study and the radiative forcing and climate
response from BC deposition on snow and ice (e.g. Flanner
et al., 2007) lie outside the scope of this study.
2.3 The Arctic energy budget
To understand the responses in the Arctic climate due to the
BC perturbations we analyze the energy budget of the Arc-
tic atmosphere in detail. The forcing and the temperature
response in the Arctic inﬂuence the meridional temperature
gradient, which may dampen or strengthen the atmospheric
heat transport into the Arctic. When studying Arctic climate
change and local feedbacks, it is important to include the en-
ergy transport because of the strong coupling between Arctic
feedback mechanisms and the energy transport into the Arc-
tic (Hwang et al., 2011). The northward heat transport (NHT)
is deﬁned as the net atmospheric ﬂux of heat from lower lat-
itudes into the Arctic region. Following Porter et al. (2010)
and Kay et al. (2012a) the atmospheric NHT can be calcu-
lated by looking at the energy budget for an atmospheric col-
umn,
NHT =
dE
dt
−FTOA +FSURF (1)
E is the atmospheric energy, FTOA is the net energy budget at
the top of the atmosphere and FSURF is the net energy budget
at the surface. FTOA is deﬁned as:
FTOA = SWTOA +LWTOA (2)
www.atmos-chem-phys.net/13/211/2013/ Atmos. Chem. Phys., 13, 211–224, 2013214 M. Sand et al.: The Arctic response to remote and local forcing of black carbon
SWTOA is the net incoming shortwave radiation and LWTOA
is the net outgoing long wave radiation. FSURF is deﬁned as:
FSURF = SWSURF +LWSURF +LHFLX+SHFLX (3)
SWSURF is the net surface shortwave radiation, LWSURF is
the net surface long wave radiation, LHFLX is the latent heat
ﬂux and SHFLX is the sensible heat ﬂux. The model is run
with a fully coupled ocean model allowing for changes in the
heat transport in the ocean. With the atmospheric perspec-
tive adopted here, the impact of this will be represented by a
change in the surface ﬂuxes. Since the LHFLX model output
(LHFLXoutput) does not include the latent heat released when
water droplets freeze and form snow that reach the surface,
this has been calculated using
LHFLX = −(LHf·ρ ·PRECsnow)−LHFLXoutput (4)
LHf is the latent heat of fusion (in J kg−1), ρ is the density
of water (in kgm−3) and PRECsnow is the snow precipitation
rate (water equivalent) (in ms−1).
We use the same sign convention as Kay et al. (2012a),
with all terms in FTOA deﬁned positive when the atmosphere
gains energy and all term in FSURF deﬁned positive when
the surface gains energy; i.e. positive downward both for the
FTOA and the FSURF. For annual averages, the energy storage
term is small and negligible compared to FTOA, FSURF and
NHT. The net atmospheric NHT can then be calculated as a
residual of the remaining terms, FTOA and FSURF.
3 Simulated black carbon
3.1 BC concentrations
The simulated annual mean BC column burden, the zonal an-
nual mean BC concentrations and the Arctic monthly mean
BC column burden for the reference run are shown in Fig. 1.
Because of the short lifetime of BC on the order of days, the
concentrations are largest close to the source regions near
the surface; over densely populated and industrialized ar-
eas in China, Europe and the United States and over areas
with biomass burning in Africa and South America. In the
Arctic, on the other hand, the concentrations increase with
height and the maximum concentrations are found in the
middle troposphere (Fig. 1b). The strong static stability in the
Arctic suppresses turbulent mixing between the surface and
the upper troposphere, in particular during winter and early
spring. The global mean BC column burden in the model
is 280µgm−2. This is in good agreement with the multi-
model mean value of 250µgm−2 in the AeroCom model
intercomparison project (Schulz et al., 2006). Averaged in
each latitude band, the BC column burden is 180µgm−2
in the Arctic and 360µgm−2 in the mid-latitudes. In the
model, the BC concentrations have a seasonal pattern in the
Arctic, with a build up during winter, due to a combina-
tion of stronger northward transport and longer lifetime of
Fig. 1. (a) Annual mean BC column burden (in µgm−2); (b) zonal
annual mean BC concentration (in ng m−3) and (c) Arctic monthly
mean BC column burden (in µgm−2) for the CONTROL run with
2000 emissions.
the aerosols (Bauer et al., 2010; Liu et al., 2011; Lund and
Berntsen, 2012). In the model this leads to a maximum in the
BC column burden in the Arctic during May.
Koch et al. (2009a) compared the vertical distribution
of BC in different models to observations from aircraft
Atmos. Chem. Phys., 13, 211–224, 2013 www.atmos-chem-phys.net/13/211/2013/M. Sand et al.: The Arctic response to remote and local forcing of black carbon 215
campaigns. They showed that the models (including a prede-
cessor of the NorESM model, labeled UiOGCM in Koch et
al.,2009a)ingeneralunderestimatehighlatitudeBCconcen-
trations in the lower troposphere and tend to overestimate the
BCconcentrationsintheuppertroposphere.Acomparisonof
the monthly mean observed and modeled surface BC concen-
trations of three Arctic stations for the years 2005 and 2006
is included in Fig. 2a). The measurements from Barrow are
from the NOAA GMD database (www.esrl.noaa.gov/gmd)
and measurements from Zeppelin station are provided by
K. Eleftheriadis and S. Vratolis (Eleftheriadis et al., 2009)
from the EBAS database (http://ebas.nilu.no). The measure-
ments for the Alert station are provided by S. Sharma at En-
vironment Canada. The concentrations show a wintertime
build-up of Arctic haze and a summertime minimum. The
variability in the observed concentrations are greater than in
the modeled concentrations as should be expected since the
observations are point sources from 2yr only, while the mod-
eled concentrations constitutes a climatology for a larger grid
cell box (∼2◦). The May 2006 measurement from the Zep-
pelin station is an outlier, as this was a week coincident with
an extreme weather situation and agricultural ﬁres, causing
a direct transport of agricultural ﬁres from Eastern Europe
to the Zeppelin station and record-high air pollution levels in
theEuropeanArctic(Stohletal.,2007).Themodeledsurface
concentrations are signiﬁcantly underestimated during win-
ter and early spring. There are a number of possible causes
for the underestimation of BC at ground level, such as too
lowBCemissionsathighlatitudes,toorapidagingand/ortoo
stable boundary layer in the model. The anthropogenic emis-
sions, including domestic wood burning, are included as an-
nual averages, and emissions from ﬂaring, a potentially im-
portant high latitude source, is not included at all due to lack
of emission data. Generally, climate models tend to underes-
timatethewintertimesurfaceBCconcentrationsintheArctic
compared to measurements (Shindell et al., 2008). NorESM
has a larger aerosol absorption optical depth at higher lati-
tudes compared to most other models in the model compar-
ison study AEROCOM (Myhre et al., 2012; Samset et al.,
2012). The model may overestimate BC concentrations in
the Arctic free troposphere, but the vertical proﬁle of Arctic
BC is not well known due to sparse vertical measurements.
In terms of the climate response to direct absorption by BC
aerosols which is the focus here, the large underestimation
of surface BC at high latitudes during the dark season is of
minor importance. During the summer season and early au-
tumn (May–October) the modeled surface concentrations are
within the range of the observed concentrations.
Modeled and observed monthly mean BC surface concen-
trations for 11 stations at mid latitudes are shown in Fig. 2b).
The observed concentrations are from the EMEP database
(http://www.emep.int) for 2002/2003. The model underesti-
mates the observed concentrations for most stations particu-
larly during the winter season and lacks a pronounced sea-
sonal variation. For a further model validation of BC the
Fig. 2. (a) Monthly mean observed (markers) and modeled (lines)
surface BC concentrations from 3 Arctic stations 2005/2006; (b)
seasonal mean observed and modeled surface BC concentrations in
Europe (from the EMEP 2002/2003 campaign). The modeled sur-
face concentrations are from the control run. All units in ngm−3.
reader is referred to Kirkev˚ ag et al. (2012). In Kirkev˚ ag et
al. (2012) it is shown that the NorESM model with 2000
emissions underestimates surface BC concentrations glob-
ally by 36%.
3.2 BC forcing in the Arctic and the mid-latitudes
The direct and indirect radiative forcing of BC is calculated
as the difference in incoming and outgoing solar radiation at
the TOA between the ofﬂine perturbed runs and the control
run. The annual 28–60◦ N mean direct radiative forcing at
the TOA for the MID experiment is estimated to 7.3Wm−2
(1.5Wm−2 global average) and the indirect forcing is es-
timated to 0.2Wm−2 (0.03Wm−2). For ARC experiment
the estimated annual 60–90◦ N mean direct radiative forc-
ing at the TOA is 6.0Wm−2 (0.4Wm−2) and the indirect
local forcing at the TOA is 0.1Wm−2 (0.01Wm−2). The
geographical distribution of the BC annual mean direct ra-
diative forcing from ARC and MID is shown in Fig. 3. The
distribution depends on the column burden of BC, but also
on the albedo of the underlying surface, vertical distribution
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Fig. 3. Annual mean direct radiative forcing (left) and indirect ra-
diative forcing (right) at the TOA for the ARC-CONTROL (top)
and the MID-CONTROL (bottom). All units in Wm−2.
of the aerosols relative to the clouds and the amount of in-
coming solar radiation. The high surface albedo in the Arc-
tic regions causes the BC radiative forcing to be large in
this area, despite the smaller BC burden (see Fig. 1). The
forcing efﬁency (RF normalized to burden change) is thus
signiﬁcantly higher in the Arctic (3600Wg−1) than at mid-
latitudes (and 2300Wg−1). In the fully coupled simulations
there can be a small radiative forcing outside the region
where the BC concentrations are scaled up (i.e. the ARC or
the MID region), because of the changes in surface and cloud
albedo and redistribution of BC due to changes in circulation
and scavenging rates. The indirect effect of BC aerosols is
largest over the oceans, and is much smaller than the direct
radiative effects of BC.
Figure 4 shows the monthly mean BC direct radiative forc-
ing at TOA for the ARC experiment (60–90◦ N average) and
the MID experiment (28–60◦ N average). The forcing peaks
in May in the Arctic (15Wm−2) for several reasons; the so-
lar insolation and the BC concentrations are both close to
their maxima, and it is early in the melt season, with still a
great amount of snow and ice-covered surface with a high
surface albedo. May is one of the months when the modeled
BC concentrations are underestimated compared to observa-
tions (see Fig. 2). During the polar night, the Arctic forcing
approaches zero. The mid latitude forcing peaks in the sum-
mer, but is still fairly high during the winter months, due to
a combination of higher solar radiation in the mid-latitudes
compared to the Arctic, as well as higher BC emissions and
Fig. 4. Monthly mean direct forcing (left) and indirect forcing
(right) at the TOA for the ARC-CONTROL 60–90◦ N average (top)
and the MID-CONTROL 28–60◦ N average (bottom). All units in
Wm−2.
surface albedo in the mid-latitudes during winter compared
to the summer season.
4 Climate response
The next section show ﬁgures from the fully coupled runs, in
which the BC aerosols are allowed to affect the meteorology.
The change in the vertical temperature proﬁle for the ARC
and the MID experiment is shown in Fig. 5. In both experi-
ments the temperature increases above 800hPa in the Arctic.
Themaximumtemperatureincreaseisfoundaround200hPa,
in the latitude band where the BC proﬁle has been scaled up.
The temperature increase is larger over a much larger vol-
ume of the atmosphere for the MID experiment than for the
ARC experiment. In both our experiments the warming in the
Arctic is most pronounced in the upper troposphere, but for
very different reasons. In the ARC case warming is caused
by the direct absorption of solar radiation by BC in the free
troposphere, and further enhanced by semi-direct and surface
albedo effects. In the MID experiment the heat is generated
by absorption and heating at all altitudes at mid-latitudes, but
since the transport to the Arctic mainly follows isentropic
surfaces (Hoskins, 1991), the maximum heating in the Arc-
tic is also in this case in the upper troposphere. While there
is a warming throughout the troposphere in the MID experi-
ment, the ARC forcing causes a cooling at the surface north
of 60◦ N, in agreement with the response found by Shindell
and Faluvegi (2009).
Figure 6 shows the seasonal cycle for the Arctic temper-
ature response, averaged north of 60◦ N for both the ARC
and the MID forcing. The cooling at the surface for the
ARC forcing is prominent all year except in the summer
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Fig. 5. Zonal annual mean temperature change (in K) for (a) the ARC-CONTROL and (b) the MID-CONTROL.
Fig. 6. Monthly Arctic mean (60–90◦ N) temperature change (in K) for (a) the ARC-CONTROL and (b) the MID-CONTROL.
months. The warming of the Arctic surface in the summer is
likely due to a combined effect of lower static stability dur-
ing summer/autumn and increased downward longwave ra-
diation and heat ﬂuxes. In both experiments the warming in-
creases rapidly with height, in particular during summer. The
period of surface warming is not centered round mid summer
in June when the incoming solar radiation is at its maximum,
but is slightly shifted towards the autumn when the snow/sea-
ice cover in the Arctic is at its minimum. For the MID forcing
the surface warming is strongest during summer and autumn.
The warming in the upper troposphere has a maximum dur-
ing summer and early autumn. It is worth noting that even
in the MID case where there is no local forcing in the free
troposphere due to enhanced absorption by BC, there is a
comparable vertical gradient in the warming as in the ARC
case and thus an increase in the static stability.
The geographical distribution of the annual mean SAT re-
sponsefromtheARCandtheMIDforcingisshowninFig.7.
TheArcticannualmean SATresponseis−0.4KfortheARC
forcing with a cooling over most of the Arctic Ocean and a
warming over Greenland. There is a maximum cooling 2K
over the Barents Sea. For the MID forcing the Arctic an-
nual mean SAT response is 1.1K with a warming across the
entire Arctic Ocean and with a maximum warming of 2K
over the Barents Sea. This area along the sea-ice edge is the
area with particularly large climate variability and large lo-
cal feedbacks. Our results in general agree with the response
in SAT from BC forcing in Shindell and Faluvegi (2009).
Shindell and Faluvegi estimated an Arctic SAT response per
unit global forcing of −1.2KW−1 m2 from BC aerosols in
the Arctic and 0.8KW−1 m2 Arctic SAT response from BC
aerosols in the mid latitudes. Our estimated Arctic SAT re-
sponse per unit global forcing is −1.1KW−1 m2 from BC
aerosols in the Arctic and 0.7KW−1 m2 from BC aerosols in
the mid latitudes, respectively. The global SAT response per
unit global forcing is 0.2KW−1 m2 for both experiments, in
accordance with Shindell and Faluvegi.
Shindell and Faluvegi explained the negative surface tem-
perature response mainly as a result of a reduction in the
pole-ward heat ﬂux following local heating by absorbing BC
aerosols. However, there are also signiﬁcant changes in the
surface energy ﬂuxes due to direct and semi-direct effects of
the BC aerosols as well as local feedbacks.
Through a number of factors BC aerosols may affect the
cloud cover in the Arctic, including different semi-direct ef-
fects like changes in the static stability or “burn-off” effects,
or changes related to a general climate impulse, including
changes in surface ﬂuxes, surface albedo and heat transport.
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Fig. 7. Annual mean surface air temperature change (in K) for (a) the ARC-CONTROL and (b) the MID-CONTROL. White areas are not
signiﬁcant on a 95% level.
The Arctic monthly mean total cloud cover is shown in
Fig. 8. Both experiments show an increase in the Arctic to-
tal cloud cover during summer when the cloud fraction is
peaking. The increase is related to low clouds. For the ARC
experiment there is a reduction in the high clouds from April
to October. The decrease in the high cloud cover in Arctic for
the ARC experiment during the seasons with solar radiation
available may indicate a burn-off effect, while the increase
in low clouds may be due to changes in the surface tempera-
tures, as both experiments show an increase in the low cloud
cover during summer when the surface temperature change
is positive. In addition a stabilizing effect by the BC aloft
in the ARC experiment may have contributed in this exper-
iment. Kay and Gettelman (2009) found, using observations
and atmospheric reanalysis, that near-surface static stability
and surface cover can exert signiﬁcant control on low Arc-
tic cloud presence. It is worth noting that the Arctic clouds in
the model are too optically thick because they have excessive
liquid water paths when compared to observations (de Boer
et al., 2011; Kay et al., 2012b). Too high amounts of cloud
water in the model may suppress the aerosol indirect effect.
The geographical distribution of the annual mean cloud
cover fraction for low and high clouds is shown in Fig. 9.
Both experiments show a decrease in the high cloud cover
in the latitude band where BC is scaled up. The cloud cover
decreases over the Barents Sea in the ARC experiment, asso-
ciated with the increase in sea ice and cooling of the surface
in this area. The cloud cover increases in most parts in the
Arctic for the MID experiment both for low and high clouds.
At mid latitudes there is a reduction in the low clouds over
land areas. The low cloud cover increases over the oceans.
Over the oceans, the BC aerosols are located higher up in
the atmosphere and may enhance the underlying stratocumu-
lus clouds, by stabilizing the atmosphere beneath, and reduce
mixing with dry air above (Johnson et al., 2004).
The geographical distribution of the changes in the sea-ice
cover is shown in Fig. 10. For the ARC forcing there is an
increase in the sea-ice cover, increasing the surface albedo.
The geographical pattern closely resembles the geographical
Fig. 8. Monthly Arctic mean cloud cover (in %) for the CONTROL
run (black), the ARC experiment (blue) and the MID experiment
(red).
patterns of the surface temperature response. For the MID
forcing there is a corresponding decrease in the sea-ice cover.
5 Heat budget analysis
A perturbation to the atmospheric concentrations of absorb-
ing aerosols leads to a radiative forcing and a climate re-
sponse as described above. The full climate response can
be analyzed in terms of forcing speciﬁc fast responses and
general climate feedbacks. The fast response or rapid adjust-
ment refers to the adjustment of the stratosphere, troposphere
and the land surface before any change in annual-mean sur-
face temperature (1TS) occurs. The response that depends
on 1TS is called the slow response or feedback and is usu-
ally represented as change in the speciﬁc variable per unit
1TS (Hansen et al., 2005; Bala et al., 2010). In the case of
absorbing aerosols the fast response include semi-direct and
indirect cloud effects. At high latitudes even parts of the re-
sponse in the sea-ice cover could be due to a fast response as
the energy balance of the ice is not only determined by heat
conduction from the atmosphere and sea water, but also by
the surface radiation budget. Hansen et al. (2005) suggested
quantifying the fast responses by looking at the difference
between an atmospheric only simulation (approximated by
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Fig. 9. Annual mean cloud cover change (in %) for high clouds (top) and low clouds (bottom) for ARC-CONTROL (left) and the MID-
CONTROL (right). White areas are not signiﬁcant on a 95% level.
Fig. 10. Annual mean sea-ice cover change (in %) for (a) the ARC-
CONTROL and (b) the MID-CONTROL. White areas are not sig-
niﬁcant on a 95% level.
a simulation with ﬁxed SSTs) and the response in the fully
coupled system.
In the study presented here we have not performed an at-
mospheric only simulation and it is therefore not possible
to identify to what extent the responses are pure feedbacks
in the system. The Arctic is a region with potentially strong
feedbacks through snow/ice-albedo relation. This feedback
mechanism is certainly operative in the model. However, we
can not rule out the possibility that in the regions where sur-
face cooling occur and sea ice extent increase this can be
caused by reduction in net radiation to the surface through
direct forcing and fast responses followed by increased sea
ice extent and then reduced 1TS through decreased ﬂuxes
of sensible and latent heat. In the cause-effect chain de-
scribed above, the increase in sea ice will through the feed-
back loop further decrease 1TS, but it may not be initialized
by a change in 1TS.
Despite the positive BC forcing at TOA and the heating
of the air in the free troposphere, the surface temperature re-
sponse in the Arctic is negative for the ARC forcing, and pos-
itive for the MID forcing. To analyze how BC aerosols affect
the Arctic climate, we have calculated the energy budget for
the Arctic atmosphere. A summary of the change in the an-
nual mean energy budget terms for the two experiments is
given Fig. 11. The terms are positive at TOA when the atmo-
sphere gains energy and positive at the surface when the sur-
face gains energy. Note that all changes in the budget terms
are the response to a combination of forcing, fast responses
and feedbacks in the Arctic region. For the ARC experiment,
the primary forcing through the absorption of solar radiation
by the BC aerosols is the main cause for the increase in the
net downward SW ﬂux of 5.4Wm−2 at the TOA. The asso-
ciated warming of the air in the free troposphere and changes
in clouds and surface properties lead to an increase in the
outgoing LW ﬂux at TOA of 1.2Wm−2 (thus the negative
change in Fig. 11). The net radiative effect, including clouds
and aerosol feedbacks (SW-LW) is thus 4.2Wm−2 (Arctic
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Fig. 11. Difference in the annual mean Arctic atmospheric energy
budget terms for the ARC-CONTROL (blue) and MID-CONTROL
(red). All units in Wm−2. SW TOA and LW TOA are the net SW
and LW radiation ﬂuxes at TOA; SW SURF and LW SURF are the
net SW and LW radiation ﬂuxes at the surface; LHFLX and SHFLX
are the latent and sensible heat ﬂuxes and NHT is the net atmo-
spheric heat transport. All units in Wm−2.
average) which, due to the small heat capacity of the air, must
becloselybalancedbycorrespondingnegativechangesinthe
heat ﬂux at the boundaries (lateral or to the ocean). However,
at the surface the net energy budget is −0.3Wm−2, mean-
ing that in the ARC case the NHT in the atmosphere must
be reduced. At the surface, there is a signiﬁcant reduction in
the downward SW ﬂux of 3.3Wm−2 due to the dimming ef-
fect of the absorption by the BC aerosols in the ARC case.
Increased cloudiness and surface albedo may also contribute
to the reduction in the net downward SW ﬂux at the surface.
The decrease in the NHT for the ARC case is likely to be a
result of the increase in the temperatures in the upper Arctic
troposphere, decreasing the meridional temperature gradient.
FortheMIDexperimenttheprimaryforcingislocatedout-
side the Arctic region, and the change in the net SW ﬂux at
the TOA is small, even if there is a consistent increase in the
cloud fraction over the Arctic (Fig. 8). However, the heating
of the free troposphere by increased NHT and the increase
in surface temperatures lead to an increase in the outgoing
LW radiation at TOA which is larger than in the ARC case
(1.7Wm−2 vs. 1.2Wm−2). For the MID forcing the change
in the NHT is positive, consistent with the positive tempera-
ture response in the mid-latitudes, increasing the meridional
temperature gradient between the mid-latitudes and the Arc-
tic, and increasing the heat transport into the Arctic.
Figure 12 shows the seasonal cycle of the changes in the
Arctic mean SW and LW radiative ﬂuxes at the TOA for the
two perturbed experiments. The seasonal cycle in the TOA
radiative imbalance (SW+LW, grey curves) is very different
in the two experiments. In the ARC case it is positive and
follows the seasonal cycle in the primary forcing (SW) with
a sharp peak in late spring (May), while in the MID case it
is negative mainly through the changes in the LW ﬂuxes and
with a much broader maximum during late summer and fall.
The change in the Arctic mean SW ﬂux is close to zero for
Fig. 12. Changes in the Arctic monthly mean radiative ﬂuxes TOA;
incoming SW (blue), outgoing LW (red) and net (black) for the
ARC-CONTROL (solid) and MID-CONTROL (dashed). All units
in Wm−2.
the MID experiment. This is due to a balance between the
increase in albedo due to increased cloud cover (Fig. 8) and
the decrease in albedo due to less sea ice (Fig. 10) and snow
cover (not shown). The outgoing LW radiation increases for
both runs, consistent with the higher temperatures in the free
troposphere. The increase in the outgoing LW radiation is
largest during the summer season for both runs, when the
temperatures are peaking. For the MID forcing the increase
in outgoing LW radiation is prominent all year.
Figure 13 shows the seasonal cycle of the Arctic mean en-
ergy ﬂuxes at the surface for the control run (top) and for the
change in the ﬂuxes between the control run and the two ex-
periments (bottom). The net SW ﬂux decreases for both ex-
periments, with the largest decrease in the ARC experiment
during summer (−9Wm−2). The decrease in the net SW
ﬂux means that less radiation is reaching the surface, con-
sistent with increased SW absorption by BC higher up in the
atmosphere and increased cloudiness, and/or an increase in
the amount of reﬂected radiation from the surface, due to the
higher surface albedo. The decrease in annual downwelling
solarradiationistwiceaslargefortheARCexperimentasfor
the MID experiment (5Wm−2 vs. 2.6Wm−2). Even though
the surface albedo increases in the ARC experiment, the net
change in the reﬂected SW ﬂux is negative because the to-
tal amount of radiation reaching the surface is smaller. The
MID run shows an increase in the net SW ﬂux in the areas
with decreased sea-ice, consistent with increased absorption
of SW by the exposed darker ocean in a warmer climate, and
a decrease in areas with increased cloudiness. Thus, averaged
over the Arctic domain the change in SW ﬂux in the MID ex-
periment is negative.
The net longwave ﬂux at the surface increase for both
experiments, which means that more longwave radiation is
transferred to the surface from the atmosphere. The factors
causing this change are changes in the air temperature and
cloudiness as well as the surface temperatures and sea-ice
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Fig. 13. Seasonal cycle of the Arctic mean energy ﬂuxes at the sur-
face for (a) the CONTROL run and (b) the changes in the radiative
ﬂuxes ARC-CONTROL (solid) and MID-CONTROL (dashed); net
SW radiation (blue); net LW radiation (red); latent heat ﬂux (green)
and sensible heat ﬂux (pink). All units in Wm−2.
cover. For the MID experiment there is decreased net long-
waveﬂuxatthesea-ice-edgewheremorelongwaveradiation
is emitted to the atmosphere when the sea-ice melts.
In the reference run, the sensible heat ﬂux is positive
downward over the Arctic Ocean, associated with the tem-
perature inversion caused by the net radiative energy loss
from the surface. Averaged over 60–90◦ N however, the sen-
sitive heat ﬂux is negative downward (more energy from the
surface to the atmosphere). The change in the Arctic mean
sensible heat ﬂux is slightly positive downward for both
experiments, which means that more energy is transported
from the atmosphere to the surface. The latent heat ﬂux in-
creases downward for the ARC experiment, consistent with
the colder surface temperatures, while the latent heat ﬂux is
slightly reduced downward during autumn for the MID ex-
periment. During the summer months, the longwave radia-
tive ﬂux and the heat ﬂuxes for the ARC experiment have a
maximum (more ﬂux to the surface).
6 Summary and discussion
There is no straightforward one-to-one relationship between
the radiative forcing and the temperature response at a given
location, as have been shown in previous studies (Boer and
Yu, 2003; Shindell and Faluvegi, 2009). BC aerosols heat the
surrounding air and alter the local static stability in the at-
mosphere. Regional changes in the BC concentration also
change the temperature gradients affecting the meridional
heat transport. Using the NorESM model we ﬁnd that when
BC concentrations are scaled up in the Arctic according to
its current vertical proﬁle, the regional surface temperature
response is negative despite a positive radiative forcing at
TOA. The Arctic surface temperature response is similar to
the results found in Shindell and Faluvegi (2009). We ﬁnd
that the BC climate response has a regional nature and this
regionalityislikelylinkedtoseaiceloss.Thesurfacecooling
can be explained by a combination of changes in the vertical
ﬂuxes of heat and radiation, cloud cover and a reduction in
the meridional heat transport from lower latitudes. There is
an upper troposphere heating by absorption of SW radiation,
a surface dimming effect that reduces the downwelling solar
radiation, a decrease in the high cloud cover and an increase
in the low cloud cover. The reduction in the meridional heat
transport is likely caused by a reduction in the meridional
temperature gradient. Even though BC aerosols are mainly
emitted in the mid-latitudes and only a small fraction enter
the Arctic, they may impact the Arctic climate. We estimate
that BC aerosols at mid-latitudes lead to increased transport
of heat into the Arctic, causing a warming, both at the surface
and in the atmospheric. The largest increase in the tempera-
tures is found in the upper troposphere during summer due
to transport of heat along isentropic surfaces. In this case the
temperature response is enhanced through snow/ice albedo
feedback. In a recent study, Allen et al. (2012) argued that
BC and tropospheric ozone are the main drivers of the North-
ern Hemisphere Hadley cell expansion, by heating primarily
in the mid latitudes, causing a poleward shift in the storms
tracks. In our study we also ﬁnd a poleward shift of the jet
stream for the MID experiment with local warming at mid
latitudes (not shown).
It should be noted that the NorESM model has a relatively
low climate sensitivity compared to most other climate mod-
els (Andrews et al., 2012). Iversen et al. (2012) calculate the
forcing from 4×CO2 to 6.3Wm−2 and the global tempera-
ture response to 5.7K in NorESM using the Gregory linear
regression method (Gregory et al., 2004). The equilibrium
climate sensitivity is calculated to be slightly smaller than
2.9K, and the transient climate response is below 1.4K. Pos-
sible explanations for the low sensitivity are relatively large
cloudfeedbacksandastrongAtlanticmeridionaloverturning
circulation in the model (Iversen et al., 2012).
Compared to observations, the model clearly underesti-
mates BC concentrations at the surface, but there are also
indications that the model overestimates the BC concentra-
tions in the upper troposphere in the Arctic. This bias may
enhance the vertical response pattern we see in the Arctic for
theARC run.The temperatureresponseto theBC forcingde-
pends on the vertical distribution of the BC aerosols. In ide-
alized climate simulations Ban-Weiss et al. (2011) showed
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that as the altitude of the BC increases, the surface tempera-
ture response decreases. In this study we have scaled up the
background vertical proﬁle of the BC aerosols in the model,
where most of the Arctic BC aerosols are located in the free
troposphere. If the emissions of BC aerosols in the Arctic are
increased in the future, e.g. by increased shipping or oil pro-
duction, the BC aerosols would be emitted directly into the
Arctic planetary boundary layer and a different temperature
response might be evident. The BC aerosols in the planetary
boundary layer would have a stronger interaction with the
surface, both by deposition of BC on snow and ice and by ra-
diative and sensible heat ﬂuxes down to the surface. In such
a model study it would be important to include the effect of
the deposition of BC on snow and sea-ice covered surfaces.
Ouridealizedmodelcalculationsindicatethatatmospheric
BC forcing outside the Arctic may be more important for the
Arctic climate change compared to the forcing in the Arctic
itself (with the linear assumption that the 10×BC response
is scalable down to 1×BC). Although the albedo effect of
BC on snow does show a more regional response to an Arctic
forcing, these results suggest that mitigation strategies for the
Arctic climate should also address BC sources in locations
outside the Arctic even if they do not contribute much to BC
in the Arctic.
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